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Regulatory Genes Controlling MPG7 Expression and 
Pathogenicity in the Rice Blast Fungus Magnaporthe grisea 

Gee Lau and John E. Hamer' 
Department of Biological Sciences, Purdue University, West Lafayette, Indiana 47906 

MPG1, a pathogenicity gene of the rice blast fungus Magnaporthe grisea, is expressed during pathogenesis and in ax- 
enic culture during nitrogen or glucose limitation. We initiated a search for regulatory mutations that would impair nitrogen 
metabolism, MPGl  gene expression, and pathogenicity. First, we developed a pair of laboratory strains that were highly 
fertile and pathogenic toward barley. Using a combinatorial genetic screen, we identified mutants that failed to utilize 
a wide range of nitrogen sources (e.g., nitrate or amino acids) and then tested the effect of these mutations on pathoge- 
nicity. We identified five mutants and designated them Nr- (for_nitrogenIegulation defective). We show that two of these 
mutations define two genes, designated NPRl and NPRP (for fiitrogen pathogenicity regulation), that are essential for 
pathogenicity and the utilization of many nitrogen sources. These genes are nonallelic to the major nitrogen regulatory 
gene in M. grisea and are required for expression of the pathogenicity gene MPG1. We propose that NPRl and NPRP 
are major regulators of pathogenicity in M. grisea and may be nove1 regulators of nitrogen metabolism in fungi. 

INTRODUCTION 

Although the vast majority of fungi exist as benign saprotrophs, 
others are able to exploit wounded or debilitated hosts. Only 
a minority of fungi are devastating pathogens of healthy eu- 
karyotic hosts and can exploit the host environment by a variety 
of specific adaptations. The rice blast fungus Magnaporthe 
grisea provides a striking example of adaptations for pathoge- 
nicity and can be easily manipulated for both genetic and 
biochemical studies of phytopathogenicity (Valent, 1990). 

In M. grisea, pathogenicity is a complex trait and involves 
the formation of specialized cell types, including spores, ap- 
pressoria, and infectious hyphae (reviewed in Talbot, 1995). 
A number of approaches have been used to identify and study 
genes controlling pathogenicity. For example, several genes 
involved in spore formation have been found to have pleiotropic 
effects on pathogenesis (Hamer et al., 1989; Hamer and Givan, 
1990; Shi and Leung, 1994). Mutations in genes required for 
melanin biosynthesis also affect pathogenicity (Chumley and 
Valent, 1990). lnsertional mutagenesis with transforming plas- 
mids also has been used to identify and tag genes involved 
in pathogenesis (J. Sweigard, A. Carroll, F. Chumley, and 6. 
Valent, unpublished data; G. Lau and J.E. Hamer, unpublished 
data). Recently, differential cDNA screening has been used 
to isolate M. grisea genes that are highly expressed in the plant 
(Talbot et al., 1993). One highly expressed gene, designated 
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MPG7, encodes a small hydrophobic protein that belongs to 
a family of funga1 proteins called hydrophobins (reviewed in 
Templeton et al., 1994). Deletion of the MPG7 gene causes 
a reduction in pathogenicity. 

MPGl is highly expressed during early and late stages of 
pathogenic growth. Its expression is suppressed during ax- 
enic culture in rich media, but the steady leve1 of its mRNA 
increases dramatically during nitrogen or carbon limitation 
(Talbot et al., 1993). Similarly, two putative pathogenicity genes 
expressed in the plant as well as the avirulence gene AVR9 
from the tomato wilt pathogen Cladosporium fulvum also are 
induced during starvation for nitrogen (van den Ackerveken 
et al., 1993, 1994). Nutrient deprivation elevates the expres- 
sion of virulence genes in several phytopathogenic bacteria 
(Rahme et al., 1992; Schulte and Bonas, 1992; Wei et al., 1992), 
and the invasive growth state of Saccharomyces cerevisiae re- 
quires growth on poor or limiting nitrogen sources (Gimeno 
et al., 1992). Thus, although regulatory mechanisms control- 
ling pathogenic growth are largely unknown (especially in fungi), 
studies in several systems implicate a regulatory pathway in- 
volving starvation for preferred nitrogen or carbon sources. One 
regulatory mechanism may involve nitrogen regulation (NR). 

NR has been well studied in Gram-negative bacteria and 
in the filamentous fungi Aspergillus nidulans and Neurospora 
crassa. In these microbes, preferred nitrogen sources, such as 
glutamine or ammonium, are utilized preferentially over amino 
acids, nucleotides, or more complex nitrogen sources. This 
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is accomplished by the selective expression of genes required 
for exogenous nitrogen source utilization only in the absence 
of glutamine or ammonia (Crawford and Arst, 1993). In Esche- 
richia coli and Salmonella typhimurium, NR is a complex 
process involving a number of regulatory genes, such as 
rpoN/ntrA, glnG/ntrC, or glnL/ntrB (reviewed in Magasanik and 
Neidhardht, 1987). Homologs of these genes in Pseudomo- 
nas spp have been shown to regulate genes involved in plant 
pathogenesis (Schulte and Bonas, 1992). 

In filamentous fungi, nitrogen utilization pathways are acti- 
vated by wide-domain regulators (Arst and Cove, 1973). In 
A. nidulans and N. crassa, these wide-domain regulators are 
members of the GATA family of DNA binding proteins and have 
been shown to be transcriptional activators encoded by the 
a r 4  and nit-2 genes, respectively (Caddick et ai., 1986; Fu 
and Marzluf, 1990). These genes are functional homologs of 
each other and differentially activate hundreds of genes 
involved in nitrogen assimilation. Nu11 mutations in these 
regulatory genes render strains unable to utilize a wide vari- 
ety of nitrogen sources, with the exception of ammonium or 
glutamine. 

Our study of MPG7 led us to hypothesize that mutations in 
a wide-domain regulator of NR might render M. grisea non- 
pathogenic due to an inability to derepress a subset of genes 
required for pathogenicity. A functional homolog of areA/nit-2 
has been identified recently in M. grisea and designated NUT7 
(for gitrogen gilization). Surprisingly, NUT7 was shown to be 
dispensable for pathogenicity (Froeliger and Carpenter, 1996). 
Here, we describe a successful genetic screen to identify wide- 
domain regulators of NR and pathogenicity. We identified two 
genes, designated NfR7 and NPRP (for nitrogen pathogenic- 
ity cegulation genes 1 and 2), that when mutated cause an 
in.ability to utilize a wide range of nitrogen sources and a dra- 
matic loss of pathogenicity. We show that Nprl- and NprP- 
mutants grow poorly on a wide range of nitrogen sources and 
that NPR2 is required for induction of nitrate reductase. NPR7 
and NPR2 are required for expression of the MPG7 
hydrophobin. Thus, in addition to affecting NR, NPR7 and NfR2 
appear to be trans-acting positive effectors of genes involved 
in pathogenicity. These studies demonstrate a link between 
metabolic gene regulation and pathogenicity in the rice blast 
fungus. 

RESULTS 

Breeding of the Highly Fertile Laboratory Strains of 
M. grisea Pathogenic on Barley 

M. grisea isolates can infect a wide range of monocot hosts, 
although the host range of individual strains is very narrow. 
We recently found that severa1 host-specific forms of M. grisea, 
including severa1 rice pathogens, can infect the barley cultivar 
Golden Promise. Because of the ease of cultivation of barley, 

the wide leaf area for observing symptoms, and the rapid on- 
set of disease, we generated highly fertile laboratory strains 
that were pathogenic toward barley, using the breeding scheme 
shown in Figure 1A. The starting strain G-22, first described 
as WGG-FA40 (Yaegashi and Asaga et al., 1981), is a finger 
millet pathogen, and G-17, described as K76-79 (Heath et al., 
1990), is a weeping lovegrass pathogen. The resulting strains 
354-24 and 3544-56 were selected on the basis of high fertil- 
ity, culture morphology, and pathogenicity toward barley. 
Although these strains do not infect rice, we have found that 
the superficial cytological aspects of M. grisea infections of 
barley and rice are similar. A complete description of symp- 
tom development on barley will be presented elsewhere (G. 
Lau, M. Murcia, and J.E. Hamer, manuscript in preparation). 

A (3-22 X G- 17 (K76-79) 

4 
4091-5-8 P G22 

34-R-7 X 34-R-9 

4 
+ 35-R-56 ( M A T I - I )  

+ 
(MAT1-2) 35-R-24 

Pathogenicity assays 

B 35-R-24,35-R-56 + 
Screen for chlorate-resistant mutants + + Growth tests on various nitrogen sources 

Pathogenicity assays on barley 

Figure 1. Pedigree of the Crosses Leading to Strains 354-24 and 

(A) Strains G-22 and G-17 are wild isolates collected by H. Yaegashi 
(Tohoko National Agriculture Experimental Station, Omagari, Japan), 
and this cross is described by Valent et al. (1986). Progeny from the 
cross of 4091-5-8 x G-22 were tested for pathogenicity toward barley, 
fertility, and culture morphology. Two fertile progeny of opposite mat- 
ing type were crossed (34-R-7 x 34-R-9), and progeny were rescreened. 
Two progeny of opposite mating type from this cross, 35-R-24 and 35- 
R-56, were designated as wild type for subsequent mutagenesis. 
(B) Combined screen for nitrogen utilization and pathogenicity-defective 
mutants. Chlorate-resistant mutants were screened for their ability to 
utilize various nitrogen sources and pathogenicity toward barley. 

35-R-56. 
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lsolation and Characterization of 
Chlorate-Resistant Mutants 

Chlorate resistance can be used in a variety of systems to iden- 
tify genes involved in nitrogen assimilation, and the basis for 
chlorate toxicity in fungi has been described (Cove, 1976). Ap- 
proximately 380 chlorate-resistant mutants were isolated from 
M. grisea strains 354-24 and 354-56 (see Methods). Mutants 
were categorized by growth te&, using various nitrogen sources 
and pathogenicity assays (Table 1). Growth phenotypes are 
described by using genetic nomenclature used for A. nidulans 
(Arst and Cove, 1973). Figure 1B outlines the screen for mu- 
tants defective in nitrogen regulation and pathogenicity. 

Of 353 mutants screened, 250 failed to grow on minimal 
medium supplemented with nitrate or adenine-hypoxanthine 
as a sole nitrogen source. This class of mutants, designated 
Cnx-, presumably represents mutations in genes that are 
involved in the synthesis of the molybdenum cofactor for ni- 
trate reductase and xanthine dehydrogenase. Fifty mutants 
exhibited no observable defect in nitrogen metabolism, except 
that they were chlorate resistant. This class of mutants, desig- 
nated CrnA-, presumably represents mutations in the nitrate 
transporter. Thirty mutants showed loss of growth on nitrate 
and nitrite. This class of mutants, designated NiiA-INirA-, is 
presumably due to mutations in nitrite reductase (NiiA-) or a 
pathway-specific transcription activator of both the nitrate and 
nitrite reductases (NirA-). Eighteen mutants were character- 
ized by their inability to grow on nitrate. Designated NiaD-, 
they presumably carry mutations in the structural gene for ni- 
trate reductase. A subset from each of these mutant classes 
was tested for pathogenicity toward the barley cultivar Golden 
Promise. All of the tested strains were pathogenic (data not 
shown), and no further genetic analysis was undertaken. 

Mutations at NPR Genes Cause a Defect in Nitrogen 
Metabolism and Pathogenicity 

In addition to these fully pathogenic M. grisea chlorate-resistant 
mutants, we identified five mutants that showed an inability 
to utilize a wide range of nitrogen sources; these were provi- 
sionally designated Nr-, for nitrogen Iegulation defective. 
These mutants, along with an Nr- mutant, Guy11397C113, de- 
rived from a rice pathogen strain Guyl l  (obtained from M.H. 
Lebrun, University of Paris-Sud, Orsay, France), were tested 
for pathogenicity toward barley and rice, respectively. Surpris- 
ingly, only two out of these six Nr- mutants were 
nonpathogenic. Both nonpathogenic Nr- mutants were ob- 
tained from parent strain 3543-24. This phenotypic class was 
designated Npr- for tjtrogen and pathogenicity regulation 
defective (Table 1). 

Sample leaves from pathogenicity assays of parents 35-R- 
24 and 3543-56 and Npr- mutant strains C160 and C1105 are 
shown in Figure 2. Strains 3543-24 (Figure 2B) and 35-R-56 
(Figure 2C) are highly virulent and produce large, spreading 

Table 1. Classes of Spontaneous Chlorate-Resistant Mutants in 
M. grisea 

No. of Patho- 
Classes" Mutants Growth Phenotypes genicityb 

Cnx- 250 Poor growtn on nitrate i 

CrnA- 50 Chlorate resistant + 
NiiA-/NirA- 30 Poor growth on nitrate + 

NiaD- 18 Poor growth on nitrate + 
Nr- 4 Glutamine-dependent + 

Npr- 2 Glutamine-dependent - 

and adenine 

and nitrite 

growthC 

growthC 

a Nomenclature is based on that of A. nidulans (see text), except for 
the Nut- and Npr- mutants. 
b (+), fully pathogenic; ( - ) ,  reduced pathogenicity. lnfection assays 
were performed on barley, as described in Methods. 

Strains grow well on glutamine but poorly on other nitrogen 
sources. 

lesions. In contrast, leaves infected with (2160 and C1105 showed 
only a few minute lesions (Figures 2D and 2E, respectively). 
Guy11397C113, C160, and C1105 were found to be defective in 
utilization of a variety of nitrogen sources, including nitrate, 
nitrite, adenine, arginine, glycine, histidine, leucine, lysine, and 
phenylalanine. The growth defect in Guy113970113 (Nr-) 
was more severe than it was in C160 and C1105 (Npr-) for all 
amino acids tested. Npr- mutants typically give sparse, spi- 
dery mycelial growth on amino acid plates. However, all three 
strains were able to grow on glutamine, as expected. Growth 
on glutamine, nitrate, and histidine is shown in Figure 3. We 
conclude that strains C160 and C1105 contain mutations that 
impair nitrogen source utilization and pathogenicity. 

To test whether the reduction in pathogenicity (Pth-) was 
due to the same mutation that conferred chlorate resistance 
(Ci03r), C160 and C1105 were crossed with wild-type strain 35- 
R-56 that is chlorate sensitive (C103s, Pth+). Progeny that were 
chlorate resistant were dramatically reduced in pathogenicity, 
whereas all the progeny that were sensitive to chlorate were 
fully pathogenic (data not shown). Segregation ratios were 18:16 
(Npr+:Npr-) for C160 and 21:18 for C1105. No recombinant 
progeny (C103s, Pth- or CIOSr, Pth+) were recovered from ei- 
ther cross. 

Chlorate-resistant progeny of C160 and C1105 were crossed 
to test whether they carry mutations in the same NPR gene. 
In two separate Crosses (Crosses 62 and 63), ~ 2 5 %  of the prog- 
eny were wild-type recombinants, as demonstrated by their 
ability to utilize nitrate (Table 2). These results indicate that 
C160 carries a mutation that is different and unlinked to the 
mutation in C1105. Approximately 25% of these segregants 
should have represented double mutants. Although double 
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Figure 2. Pathogenicity Assays of the Wild Type and Npr Mutants.
Pathogenicity was performed by spray inoculation, as described pre-
viously (Talbot et al., 1993), using the barley cultivar Golden Promise.
Typical leaves are shown.
(A) Healthy, uninfected barley leaf.
(B) and (C) Barley leaves infected with wild-type strains 35-R-24 and
35-R-56, respectively.
(D) and (E) Barley leaves infected with Npr mutants CI60 and CI105,
respectively.

mutants were not genetically characterized, the observation
that the remaining 75% of the segregants were nitrate nonutiliz-
ing suggests that double mutants also are impaired in nitrogen
metabolism.

NPR1 and NPR2 Are Unlinked from NUT1

To confirm that CI60 (npr1-1) and CI105 (npr2-1) carry mutations
at loci different from NUT1, we performed allelism tests with
CI60, CI105, and a known NUT1 deletion mutant, Guy11nut1-4.
This strain contains a gene disruption engineered into the NUT1
locus, using a hygromycin resistance gene (Froeliger and
Carpenter, 1996). The Guy11 nut1-4 strain shows the expected
phenotype of an inability to utilize a wide range of nitrogen
sources. The NUT1 gene also complements null mutations in
the A. nidulans areA gene (Froeliger and Carpenter, 1996). To
follow segregation patterns, we took advantage of the fact that
CI60 and CI105 are CIO3

r but hygromycin B sensitive (Hygs).
In contrast, Guy11nut1-4 is hygromycin B resistant (Hygr) and
much more sensitive to chlorate. We followed the segregation
patterns among the progeny of Npr x Nut" crosses and

looked for the presence of two classes of recombinants carry-
ing wild-type (Hygs, CIO3

S) and double-mutant (Hygr, CIO3
r)

phenotypes. The results of the crosses are presented in Table
3. In both cases, segregants of the recombinant classes were
recovered. The segregation ratio that was not 1:1:1:1 could have
been the result of the apparent low viability of recovered as-
cospores and can be attributed to the lack of isogenicity
between 35-R-24 and Guy11.

nit-2 Complements a Nut1 -
Npr2~ Mutations

Mutation but Not Npr1~ or

To test whether npr1-1 or npr2-1 mutations reside in another
areA/nit-2/NUT1 homolog, we transformed Npr strains with
pNIT2, a plasmid containing the nit-2 gene of A/, crassa (Fu
and Marzluf, 1987). The nit-2 gene has been shown to func-
tion in heterologous ascomycete hosts (Davis and Hynes, 1987).
We introduced the nit-2 gene of N. crassa into both Npr (CI60
and CI105) and Nr (Guy11397CI13) mutants. Although al-
lelism was not tested between the Nr~ mutation in
Guy11397CI13 and the Guy11nut1-4 strain, phenotypic analy-

Figure 3. Growth Tests for Nitrogen Utilization by the Wild Type and
Npr" Mutants.

Tanaka minimal medium (Tanaka, 1965) was supplemented with 6 mM
individual nitrogen sources. All the strains were inoculated in the same
order for each plate. The top left of each plate was inoculated with
wild-type strain 35-R-24. The top right of each plate was inoculated
with Nr" mutant Guy11397C113. The bottom left of each plate was in-
oculated with NprV strain CI60. The bottom right of each plate was
inoculated with Npr2~ strain CI105.
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Table 2. Segregation Analysis of the Crosses between Nprl- 
and Npr2- Strains 

Random No. of 
Ascospore Wild-Type 

Parents Progeny Recom- 
Cross Nprl- x Npr2- Number binantsa 

62 4343-20 x 444-22 111 25 
63 43-R-35 x 44-R-17 57 14 

a The number of wild-type recombinants is based on the number of 
progeny capable of utilizing nitrate as sole nitrogen source. 

sis strongly suggested that the Nr- mutation in strain 
Guy11397C113 resides in the NUT7 gene (G. Lau and J.E. 
Hamer, unpublished data). M. grisea mutant strains were trans- 
formed with pNIT2, and transformants were selected directly 
on nitrate minimal medium, taking advantage of the inability 
of both Nr- and Npr- mutants to utilize nitrate. Figure 4 shows 
pNIT2 integration events and growth tests of transformants. 
Guy11397C113 was successfully transformed with pNIT2, judg- 
ing by the ability of transformants to utilize nitrate (Figure 48) 
and the integration of pNIT2 DNA (Figure 4A). These results 
further suggest that Guy11397C113 carries a mutation at NUTI. 
However, we failed to recover any transformants of C160 and 
C1105 that were able to grow on nitrate. 

In a second strategy, we performed cotransformations of 
pNIT2 and a hygromycin 6 resistance plasmid. The transfor- 
mants were selected on 200 mglmL hygromycin 6 and 
screened for growth on nitrate minimal medium. DNA gel blot 
analysis of two C160 and four (21105 hygromycin-resistant trans- 
formants showed integration of pNIT2 DNA (Figure 4A, lanes 
4 and 5, and lanes 7 to 10, respectively). However, these trans- 
formants failed to grow on nitrate (Figure 46) and were still 
nonpathogenic toward barley (data not shown). These results 
strongly suggest that Nprl- and Npr2- are not functionally 
complemented or suppressed by the N. crassa nit-2 gene. 

NUT7 and NPRP Are Required for the lnduction of 
Nitrate Reductase 

Growth tests and genetic analysis suggest that NPRl and NPRP 
are nove1 wide-domain regulators of NR. NUT7 also has been 
defined'as a major regulator of NR in M. grisea. However, there 
have been no studies of nitrogen-regulated gene expression 
in M. grisea. We examined the steady state mRNA levels of 

the nitrate reductase gene (NlAD) in Nr-, Nprl-, and Npr2- 
strains. Although studies with the M. grisea NlAD gene had 
not been performed previously, studies with other filamentous 
fungi have shown that NlAD is induced by nitrate and repressed 
by glutamine and ammonium (Arst and Cove, 1973; Dunn- 
Coleman et al., 1981). 

RNA was extracted from cultures grown under noninduc- 
ing (complete medium supplemented with 10 mM ammonium 
sulfate and 2% yeast extract) and inducing (minimal medium 
supplemented with nitrate) conditions. The steady state level 
of NlAD mRNA is shown in Figures 5A and 56. RNA gel blot 
analysis was performed using gene-specific probes (see 
Methods). A nitrate reductase transcript was undetectable un- 
der the noninducing condition in all the strains tested (Figure 
56, lanes 1 to 4). Under the inducing condition, a highly 
elevated NlAD RNA level was detected in wild-type strain 35- 
R-24 (Figure 56, lane 5). No induction was detected in the Nr- 
strain (Figure 56, lane 6). These results are consistent with 
typical results obtained for nitrogen catabolite regulation of the 
nitrate reductase in A. nidulans (Arst and Cove, 1973). We con- 
clude that NUT7 is a positive regulator of nitrate reductase in 
M. grisea and that some aspects of the nitrogen regulatory 
circuitry described for A. nidulans are conserved in M. grisea. 

Figure 58 (lane 8) shows that a mutation in NPRP also pre- 
vents induction of NlAD mRNA. These results are consistent 
with growth tests that show that npr2-7 strains fail to grow well 
on nitrate as a sole nitrogen source. Surprisingly, an elevated 
level of NlAD mRNA was detected in the npr7-7 mutant strain, 
CL60, when grown under inducing conditions (Figure 56, lane 
7). The level of derepression was comparable with that of wild- 
type strain 354-24 (Figure 56, lane 5). This result was unan- 
ticipated because strain npr7-7 grows poorly on nitrate (see 
Figure 3). Because metabolism of nitrate requires severa1 gene 
products, we think it is likely that NPRl may affect the expres- 
sion of components other than NlAD in the nitrate assimilation 
pathway. We conclude that NPRP and NUT7 are required for 
induction of the nitrate reductase gene. 

NUTT, NPR7, and NPRP Are Required for High-Leve1 
Expression of MPG7 during Nitrogen Limitation 

The rationale for our genetic screen was to identify regulators 
of pathogenicity gene expression. Figures 6A and 6B show 
the steady state level of the pathogenicity gene MPG7 RNA 
levels in various mutant backgrounds during growth under 
nutrient-rich and nitrogen-limited growth conditions. Growth 

Table 3. Segregation Analysis between a NUT7 Mutant (Guyllnutl-4) and NPR Mutants (C160 and C1105) 

Parenta1 Progeny Recombinant Progeny 

Cross Parents CIO3' HygS CIO3* Hyg' CIO3$ HygS CIO3' Hyg' 

56 Guyl lnut l -4 x C160 13 5 30 22 
57 Guyl lnut l -4 x C1105 4 2 6 7 
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Figure 4. Rescue of the Nr Mutant but Not Npr Mutants by pNIT2
Plasmids of N. crassa.

(A) DNA gel blot analysis of the pNIT2 transformants. Genomic DNA
was extracted as described previously (Talbot et al., 1993). DNA was
digested with EcoRI and probed with a 6-kb EcoRI fragment from pNIT2
(Fu and Marzluf, 1987). Lane 1 contains 35-R-24; lane 2, 35-R-56; lane
3, CI60; lanes 4 and 5, pNIT2 transformants Tm103 and Tm155 of CI60,
respectively; lane 6, CI105; lanes 7 to 10, pNIT2 transformants Tm1,
Tm4, Tm6, and Tm7of CI105, respectively; lane 11, Guy11397CM3; lanes
12 to 16, pNIT2 transformants Tm1 to Tm5 of Guy11397CI13, respec-
tively. Lane 10 is somewhat underloaded, and longer exposures reveal
hybridization to the pNIT2 probe.
(B) Growth test of pNIT2 transformants of Nr mutant Guy11397CI13
(top plate) and Npr mutants CI60 (bottom left) and CI105 (bottom
right) on nitrate minimal medium. The upper left corner of each plate
was inoculated with wild-type strain 35-R-24 as a positive control. The
upper right of each plate was inoculated with each respective pNIT2
recipient (mutant strains). The lower part of each plate was inoculated
with pNIT2 transformants as described in (A). Arrows indicate the po-
sitions of the inoculum.

in rich media resulted in a low level of MPG1 transcript in both
the wild type and Nr", and in Npr" strains (Figure 6B, lanes
1 and 2). The basal level of MPG1 mRNA in Figure 6 is slightly
higher than we and others previously found in strain Guy11

(Talbot et al., 1993; J. Beckerman and D.J. Ebbole, submitted
manuscript). Although we do not know the basis for this
difference, we suspect different genetic backgrounds or sub-
tle differences in growth conditions may affect the basal level
of/WPG7 mRNA. In addition, we and others (J. Beckerman and
D.J. Ebbole, personal communication) have found that nitro-
gen catabolite derepression occurs rapidly in M. grisea, and
maintaining repressed growth conditions requires growth in
2% yeast extract for short periods.

When grown under conditions of nitrogen limitation, MPG1
mRNA levels increased dramatically in the wild-type strain but
less so in the Nr" mutant (Figure 6B, lanes 5 and 6). These
results demonstrate that the NUT1 gene is responsible, in part,
for the high-level expression of MPG1 during nitrogen star-
vation. The protein sequence of the NUT1 gene identifies it
as a GATA box binding transcription factor (Froeliger and
Carpenter, 1996). Consistent with this observation and our RNA
blot experiments, the upstream region of the MPG1 gene con-
tains several consensus GATA sequences (positions -54 to
-49, -464 to 458, and -499 to -494). We conclude that high
levels of MPG1 expression require NUT1. The basal levels of
MPG1 expression may be sufficient for pathogen icity because
NUT1 is dispensable for pathogen icity. Alternatively, additional

B

Figure 5. NPR2 and NUT1 but Not NPR1 Are Required for the Ex-
pression of Nitrate Reductase during Induction with Nitrate.

RNA samples were fractionated on a 1.2% formaldehyde-agarose gel
and transferred to a nylon membrane, as described in Methods. Ap-
proximately 30 ng of RNA was loaded into each lane in the following
order: lanes 1 to 4 contain total RNA samples extracted from cultures
grown in complete medium supplemented with 10 mM ammonium sul-
fate and 2% yeast extract; lanes 5 to 8 contain total RNA samples
extracted from cultures grown in nitrate-containing medium. Lanes 1
and 5 contain wild-type strain 35-R-24; lanes 2 and 6, Nr mutant
Guy11397CI13; lanes 3 and 7, Npr1 mutant CI60; lanes 4 and 8, Npr2~
mutant CI105.
(A) Ethidium bromide-stained gel.
(B) RNA gel blot analysis of the gel shown in (A). The blot was hybrid-
ized to a NIAD-containing plasmid pCB848.
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Figure 6. NUT1, NPR1, and NPR2 Are Required for the Full Derepres-
sion of the Pathogenicity Gene MPG1 during Nitrogen Starvation.
RNA samples were fractionated on a formaldehyde-agarose gel and
transferred to a nylon membrane, as described in Methods. Approxi-
mately 30 ng of RNA was loaded into each lane. Lanes 1 to 4 contain
RNA samples extracted from cultures grown in complete medium.
Lanes 5 to 8 contain RNA samples extracted from cultures grown in
nitrogen-starved media. Lanes 1 and 5, wild-type strain 35-R-24; lanes
2 and 6, Mr mutant Guy11397CI13; lanes 3 and 7, Npr1~ mutant CI60;
lanes 4 and 8, Npr2~ mutant CI105.
(A) Ethidium bromide-stained gel.
(B) RNA gel blot analysis of the gel shown in (A). The blot was hybrid-
ized with the 2.7-kb Xbal-BamHI fragment containing the MPG1 gene
from plasmid pNJT15GXB (Talbot et al., 1993).

genetic controls may affect MPG1 expression during patho-
genic growth.

In contrast with the above results, the basal level of the MPG1
transcript is dramatically reduced in both npr1-1 and npr2-1
mutants (Figure 6B, lanes 3 and 4, respectively). In both Npr~
mutant strains, high levels of MPG1 transcript were not detected
during nitrogen limitation (Figure 6B, lanes 7 and 8, respec-
tively). We conclude that NPR1 and NPR2 are required for
MPG1 expression. These results are consistent with the ob-
servation that nprl-1 and npr2-1 strains are defective in
pathogenicity.

may have broader regulatory functions than NUT1 because
they are required for MPG1 transcript accumulation during both
carbon and nitrogen limitation.

NPR1 and NPR2 Are Not Required for
Expression of CPKA

Currently, there are few pathogenicity genes that have been
identified in M. grisea. Recent studies have demonstrated the
importance of cAMP signaling in pathogenesis (Mitchell and
Dean, 1995; J. Sweigard, personal communication). We used
a gene-specific probe for a recently cloned M. grisea cAMP-
dependent protein kinase gene (CPKA; see Methods) to ex-
amine the steady state mRNA levels in nprl and npr2 mutants.
Figures 8A and 8B show that limitation for nitrogen (or car-
bon; data not shown) had minor effects on CPKA mRNA levels.
Consistent with this finding, CPKA mRNA levels were slightly
reduced in Npr mutants (Figure 8B, lanes 5 and 6,
respectively).

DISCUSSION

We have identified regulatory genes in M. grisea that affect
pathogenicity and aspects of nitrogen metabolism. We postu-
lated the existence of these regulatory genes based on the
complex regulation observed for the MPG1 gene (Talbot et al.,
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NPR1 and NPR2 but Not NUT1 Are Required for the
Full Expression of MPG1 during Carbon Limitation

Talbot et al. (1993) demonstrated that MPG1 also was induced
under conditions of carbon limitation. Figures 7A and 7B show
MPG1 mRNA levels during limitation for carbon in wild-type
and mutant strains. The steady state MPG1 mRNA level dur-
ing carbon limitation is unaffected by the nutl mutation when
compared with the wild-type strain 35-R-24 (Figure 7B, lanes
1 and 2). This result is expected given the proposed role of
NUT1 in nitrogen regulation. Surprisingly, the/WPG7 message
was virtually undetectable in both Npr mutants (Figure 7B,
lanes 3 and 4). These results suggest that both NPR1 and NPR2

Figure 7. NPR1 and NPR2 but Not NUT1 Are Required for the Full
Expression of the MPG^ Gene during Carbon Starvation.
RNA samples were extracted from carbon-starved cultures, fraction-
ated on a formaldehyde-agarose gel, and transferred to a nylon
membrane as described in Methods. Approximately 30 ng of RNA was
loaded into each lane. Lane 1 contains wild-type strain 35-R-24; lane
2, Nut1~ mutant Guy11nut1-4; lane 3, Npr1~ mutant CI60; lane 4,
Npr2~ mutant CI105.
(A) Ethidium bromide-stained gel.
(B) RNA gel blot analysis of the gel shown in (A). The blot was hybrid-
ized with the 2.7-kb Xbal-BamHI fragment containing the MPG1 gene
from plasmid pNJTISGXB (Talbot et al., 1993).
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Figure 8. CPKA Expression in the Wild Type and Npr~ Mutants dur-
ing Nitrogen Starvation.
RNA samples were tractionated on a formaldehyde-agarose gel and
transferred to a nylon membrane as described in Methods. Approxi-
mately 30 |ig of RNA was loaded into each lane. Lanes 1 to 3 contain
RNA samples extracted from cultures grown in complete medium.
Lanes 4 to 6 contain RNA samples extracted from cultures grown in
nitrogen-starved medium. Lanes 1 and 4, wild-type strain 35-R-24; lanes
2 and 5, Npr1~ mutant CI60; lanes 3 and 6, Npr2~ mutant CMOS.
(A) Ethidium bromide-stained gel.
(B) RNA gel blot analysis of the gel shown in (A). The blot was hybrid-
ized with a CPKAspecific fragment.

1993; J. Beckerman and D.J. Ebbole, submitted manuscript).
A combinatorial genetic screen identified single gene muta-
tions that blocked pathogenicity, prevented growth on a wide
range of nitrogen sources, prevented expression of the patho-
genicity gene MPG1, and abolished up-regulation of the
nitrogen-regulated gene nitrate reductase (NIAD). The muta-
tions defined two new positive-acting genetic loci that are
unlinked from the major transcriptional regulator of NR. NPR1
and NPR2 appear to represent novel frans-acting regulatory
mutations affecting fungal pathogenicity. Interestingly, they
may also represent novel genes involved in fungal nitrogen
regulation.

Most Genes in Nitrogen Metabolism Are Dispensable
for Pathogenicity

In M. grisea, we sought regulatory mutations in nitrogen me-
tabolism because the pathogenicity gene MPG1 was shown
to be up-regulated by nitrogen limitation (Talbot et al., 1993).
We isolated mutants defective in the utilization of various nitro-
gen sources by selecting for chlorate-resistant mutants. The
recovered mutations include strains with Cnx~, CrnA~, NiaD~,
Nir/NiiA-, and Nut~ phenotypes (Table 1). The distribution of
mutant classes appears to be similar to that of A. nidulans
(Cove, 1976), with the proportion of each class of mutants
reflecting the number of the potential target genes. For exam-
ple, 250 of 380 of our chlorate-resistant M. grisea mutants are

Cnx", presumably reflecting a large number of target genes.
In A. nidulans, there are eight genes required for molybdenum
cofactor synthesis. Thirty mutants were of the NirA"/NiiA~ class,
which is approximately twice as many as were in the NiaD"
class (Table 1). Finally, phenotypic classes that may represent
regulatory genes were represented by fewer mutants (Nr and
Npr). Surprisingly, representative chlorate-resistant mutants
from each class were fully pathogenic (except for the two Npr
mutants).

This result suggests that barley plants may contain an
abundance of glutamine or that a different nitrogen regula-
tory pathway is required for fungal growth in the plant. Although
our results were performed in barley pathogens, they are com-
pletely consistent with the recent finding that a null mutation
in the major transcriptional regulator of nitrogen catabolite
derepressed genes in M. grisea, NUT1, is dispensable for
pathogenicity on rice (Froeliger and Carpenter, 1996).

NPR1 and NPR2 Are Regulatory Loci

We identified two novel genes, designated NPR1 and NPR2,
that appear to play regulatory roles in pathogenicity and NR.
Several lines of evidence support our finding that NPR1 and
NPR2 appear to be unrelated to the only known wide-domain
regulators of NR in filamentous fungi. First, npr1-1 and npr2-1
mutations are unlinked from NUT'1. Second, Npr mutants are
defective in pathogenicity, whereas other Nr~ mutants (e.g.,
Null ~) are fully pathogenic. Third, the ntt-2 gene of N. crassa
was able to complement a Nr~ strain but not the Npr strains.
Fourth, in contrast to NUT1, NPR1 and NPR2 are required for
basal levels of MPG1 transcript accumulation. Preliminary evi-
dence described here suggests that NPR1 and NPR2 act at
the level of transcript abundance. A cosmid clone that com-
plements NPR2 has been obtained recently (G. Lau and J.E.
Hamer, unpublished data), and molecular cloning of NPR1 is
under way. Regardless of their specific function, the formal
genetic analysis presented here suggests these loci act as posi-
tive regulatory genes.

NPR1 and NPR2 must affect a large number of genes. Al-
though only NPR2 appears to affect nitrate reductase transcript
accumulation during induction, mutations in either gene cause
a wide range of defects in nitrogen source utilization. A pau-
city of cloned genes from M. grisea prevents us from testing
additional nitrogen-regulated genes at this time; however,
the observation that the growth phenotypes of Npr mutants
mimic Nr mutants is consistent with a wide-domain regula-
tory role. Like nitrogen metabolism, pathogenic growth also
involves a large number of genes (Valent et al., 1991). We found
that Npr1 ~ and Npr2~ mutants are almost completely defective
in pathogenicity. Npr2~ mutants are defective in appressorium
formation (G. Lau and J.E. Hamer, unpublished results). We
are currently characterizing these phenotypes in more detail;
however, the dramatic loss of pathogenicity in these mutants
contrasts with the more moderately reduced pathogenicity
phenotype of MPG1 deletion mutants (Talbot et al., 1993). This
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finding strongly suggests that the loss of pathogenicity due 
to npr7 and npr2 mutations occurs because a number of 
pathogenicity genes failed to be expressed. Differential screen- 
ing or pseudoreversion analysis may be a useful strategy for 
identifying these genes. 

MPG7 1s Subject to Complex Regulatory Controls 

The results of our RNA gel blot analysis support the notion 
that MPGl regulation is complex. We found that NUT7, NPR7, 
and NPR2 are involved in MPGl expression. Recently, appres- 
sorium formation and MPG7 expression were shown to be 
inhibited dramatically by growth with 2% yeast extract (J. 
Beckerman and D.J. Ebbole, submitted manuscript). These 
results suggest that a nutritionally linked regulatory mecha- 
nism may be involved in the expression of MPGl and possibly 
additional genes critical for appressorium formation and patho- 
genesis. In support of this hypothesis, we found that NPRl 
and NPR2 also are necessary for MPGl expression during car- 
bon starvation. Interestingly, Npr- strains were not defective 
in utilizing various sugars (G. Lau and J.E. Hamer, unpublished 
results) but showed slower growth on oatmeal agar, suggest- 
ing that the effects of NPR7 and NPR2on carbon metabolism 
may be more limiting. Recently, a homolog of the yeast glu- 
cose regulatory gene GRR7 was identified in M. grisea from 
an insertional mutagenesis screen (J. Sweigard, personal com- 
munication). The insertion mutant fails to up-regulate MPGl 
(J. Beckerman and D.J. Ebbole, personal communication) but 
showed few defects in sugar utilization. These results further 
,support the idea of links between metabolic gene regulation 
and pathogenicity and suggest that a wide variety of muta- 
tional approaches can be taken to identify other regulators of 
pathogenicity. 

Nutritional deprivation of various sorts appears to play a role 
in other funga1 morphogenetic switches. For example, inva- 
sive growth of S. cerevisiae and the formation of pseudohyphae 
require a change in bud growth and are triggered, in part, by 
starvation for nitrogen (Gimeno et al., 1992). Similarly, sub- 
merged conidiophore formation in A. nidulans can be triggered 
by carbon or nitrogen deprivation (Skromne et al., 1995). In other 
phytopathogens, the production of toxins (reviewed in Garraway 
and Evans, 1984) and the expression of virulence determinants 
also require various types of nutrient deprivation (Rahme et 
al., 1992; Schulte and Bonas, 1992; Wei et al., 1992; Talbot 
et al., 1993). Our current hypothesis is that NPR7 and NPRP 
are part of a nutrition-linked regulatory mechanism for patho- 
genesis in M. grisea. 

A Model for Nutrition-Linked Pathogenicity 
Gene Expression 

The relationship we have uncovered among NPR7, NPR2, NUT7, 
nitrogen metabolism, and pathogenicity is diagrammed in Fig- 
ure 9. The positive action of NPR7 and NPRP would appear 

+ 
NPR2 + NPRl -Pathogenicity 
+ I (MPGI gene expression) 

NUTl I 

Nitrogen metabolism 
(NIAD gene) 

Figure 9. Proposed Genetic Model for lnteractions among NPR7, 
NPRP, and NUT7. 

NPR7 and NPRP are proposed as trans-acting positive regulators of 
both nitrogen metabolism and pathogenicity. 60th genes appear to 
be necessaryfor growth on diverse nitrogen sources, and both genes 
appear necessary for pathogenesis. NUT7 is proposed to be positively 
regulating for nitrogen metabolism and is considsred dispensable for 
pathogenicity. 

to be epistatic to the action of NUTI. This is based on severa1 
findings. First, Npr- mutants show a more pleiotropic pheno- 
type than Nutl- mutants show because they are defective in 
both the utilization of exogenous nitrogen sources and in 
pathogenicity. Second, in contrast to Nutl- mutants, Npr- mu- 
tants are defective in both the basal leve1 expression of MPGl 
and the induction of MPG7 during nitrogen limitation. Finally, 
we recently tested the pathogenicity of Npr- and Nutl- dou- 
ble mutants and found that they were nonpathogenic on barley 
(data not shown). The results support NPRl and NPRP being 
epistatic to NUT7. However, we cannot rule out the possibility 
of failure of pathogenicity due to the nonisogenicity of the 
strains used. 

The NPR genes may be coregulators of nitrogen metabolism 
genes or may have a more direct effect on NUT7. Interestingly, 
positive-acting genes with wide-domain regulatory effects other 
than areA and NIT2 have yet to be found in N. crassa or A. 
nidulans. Thus, it will be of interest to test the role of NPR homo- 
logs in saprophytic fungi. Finally, we are using insertional 
mutagenesis and differential screens to identify additional 
pathogenicity genes in M. grisea. It will be of interest to test 
whether these genes also are regulated by NPRl and NPR2. 

METHODS 

Strains, Media, and Genetic Crosses 

Strains of Magnaporthe grisea used in this study are listed in Table 
4. The pedigree of parenta1 strains 354-24 and 3543-56 is shown in 
Figure 1A. Strain numbering, growth, storage, genetic crosses, and 
media for M. grisea are as described by Crawford et ai. (1986). Tanaka 
minimal medium is as given in Tanaka (1965). Crosses were performed 
on oatmeal media as described by Crawford et al. (1986). Growth con- 
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ditions for nitrogen and carbon starvation were as described by Talbot 
et al. (1993), with 2% yeast extract being added to complete media 
to maintain repression of MPG7 (J. Backerman and D.J. Ebbole, sub- 
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